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Abstract
Rice glutelin is synthesized as a precursor in the endosperm endoplasmic reticulum and then deposited within the
protein storage vacuole protein body-II (PB-II) as an aggregate, with a high degree of polymerized higher-order
structure comprising mature acidic and basic subunits after post-translation processing cleavage. In order to
investigate the functional role of this processing and its effect on folding assembly, wild-type GluA2 and its mutant
cDNA (mGluA2), in which the conserved processing site (Asn-Gly) at the junction between the acidic and basic
chains was replaced with Ala-Ala, were expressed under the control of the endosperm-speciﬁc GluB1 promoter in
the mutant rice a123 line lacking glutelin GluA1, GluA2, and GluB4. The mGluA2 precursor was synthesized and
stably targeted to PB-II without processing in the transgenic rice seeds like the wild-type GluA2. Notably, the saline-
soluble mGluA2 precursor assembled with the other type of processed glutelin GluB as a trimer in PB-II, although
such hetero-assembly with GluB was not detected in the transformant containing the processed GluA. Furthermore,
the mGluA2 precursor in the glutelin fraction was deposited in PB-II by forming a quite different complex from the
processed mature GluA2 products. These results indicate that post-translational processing of glutelin is not
necessary for trafﬁcking and stable accumulation in PB-II, but is required for the formation of the higher-order
structure required for stacking in PB-II.
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Introduction
Glutelin is the major seed storage protein of rice, compris-
ing ;60–80% of the total amount of the seed storage
proteins (Takaiwa et al., 1999). This protein is classiﬁed into
the GluA, GluB, GluC, and GluD families. Furthermore,
the major glutelin components GluA and GluB are made up
of three (GluA1, GluA2, GluA3) and four members
(GluB1, GluB2, GluB3, GluB4), respectively (Takaiwa
et al., 1987, 1991; Mitsukawa et al., 1998; Kawakatsu et al.,
2008). Irrespective of its solubility properties, it has been
established that rice glutelin is homologous to dicotyledon-
ous 11S globulin, based on similarities in their biogenesis,
processing sites joining mature acidic and basic chains, the
positions of cysteine residues involved in inter- and intra-
molecular disulphide bonds and their amino acid sequences
(Takaiwa et al., 1999).
11S globulins have a molecular weight (MW) of ;360–400
kDa and consist of six subunits with an MW of ;55–60 kDa.
Each subunit in a hexamer is composed of two polypeptide
chains that are linked covalently by disulphide bonds. They
are initially synthesized and assembled into a trimer in the
endoplasmic reticulum (ER) of the endosperm cell, and then
are transported into protein storage vacuoles. After post-
translational proteolysis at the conserved Asn-Gly site by
Asn-speciﬁc cysteine protease to release mature acidic and
basic polypeptides, they are assembled into hexamers in the
protein body (Jung et al., 1998; Gruis et al., 2004).
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and subsequently transported into the ER lumen through
signal peptides, which are ultimately targeted to the protein
storage vacuole, called protein body-II (PB-II), by a vesicle-
mediated pathway. Proglutelin in PB-II is processed to yield
t h em a t u r ea c i d i ca n db a s i cc h a i n sl i k eo t h e r1 1 Sg l o b u l i n s ,
but it is notable that they exist as large macromolecular
complexes formed by disulphide and hydrophobic interactions
of acidic and basic polypeptides (Yamagata et al., 1982;
Krishnan and Okita, 1986). The hexameric oligomer structure
has not yet been observed for rice glutelins in maturing seeds.
It has been reported that rice glutelin shares approximately
a 70% amino acid sequence identity with oat 12S globulin
(Shotwell et al., 1990). In spite of the high homology in the
sequences, the physical properties are quite different, because
oat globulins are deposited in protein bodies as hexameric
oligomers with an MW of ;350 kDa, comprising six
subunits with an MW of ;55 kDa, and are soluble in saline
solution. Little is known about the molecular mechanisms
which cause the differences in solubility and the oligomeric
structure deposited in protein bodies.
Post-translational cleavage in the biogenesis of 11S
globulins is one of the critical steps determining folding
and assembly. Post-translational cleavage has been
known to be required for assembly of hexameric forma-
tion by in vitro assay (Jung et al., 1997). Processing occurs
at the highly conserved Asn-Gly sites linking mature
acidic and basic polypeptides, although there are a few
deviations from parts of the pea legumin (Asn-Phe)
(March et al., 1988), ginkgo 11S globulin (Asn-Asn)
(Arahira and Fukazawa, 1994), and rice glutelin GluC
(Asn-Val) (Mitsukawa et al., 1998). It has been reported
that asparaginyl endopeptidase (cysteine protease) with
speciﬁcity toward an Asn residue acts as a vacuolar
processing enzyme (VPE) which is involved in post-
translational cleavage (Hara-Nishimura et al., 1995; Jung
et al., 1998). Knock-out mutants of VPE were isolated in
Arabidopsis and their involvement in storage protein
accumulation (processing) has been reported (Gruis
et al., 2004).
Although post-translational proteolysis is required not
only for the synthesis of the mature acidic and basic
polypeptides of glutelin, but also for accumulation in protein
bodies, there is little experimental evidence showing whether
(i) unprocessed mutant glutelin precursor is correctly tar-
geted into PB-II and stably accumulated, (ii) glutelin pre-
cursor is stably accumulated in mature seeds, or (iii) it can be
assembled together with other glutelins or is self-assembled
in mature seeds.
In this study, a GluA2 precursor which cannot be cleaved
by VPE was highly expressed under the endosperm-speciﬁc
GluB1 promoter in a low-glutelin mutant rice line lacking
GluA1, GluA2, and GluB4 in order to address the above
questions. Mutant glutelin precursor was stably deposited
into PB-II in mature transgenic seeds without degradation,
and assembled together with other glutelins (e.g. the GluB




Rice (Oryza sativa L.) cv. Koshihikari mutant line a123
(Iida et al., 1997), in which GluA1, GluA2, and GluB4 are
lacking because of mutation, was used for transformation.
Vector construction
Gene cassettes consisted of the endosperm-speciﬁc 2.3 kb
glutelin B1 (GluB1) promoter with 5# UTR (Accession No.
AY427569), the coding region of the glutelin A2 (GluA2)
gene (Accession No. X05664), or mutated-GluA2 (mGluA2),
in which the processing site (Asn-Gly) was replaced by
Ala-Ala, and 0.65 kb GluB1 terminator (Accession No.
X54314) were introduced into the multiple cloning sites of
modiﬁed-pBluescript KS+ containing the Gateway recom-
bination sites att L1 and att L2. Then, two gene cassettes
were transferred from entry clones to a destination-binary
vector (p35:HPT Ag7-GW; Wakasa et al., 2006) by LR
clonase II enzyme Mix (Invitrogen, CA, USA). The binary
vector constructs are shown in Fig. 1.
Production of transgenic plants
Transgenic rice plants were produced by Agrobacterium
tumefaciens-mediated transformation. Binary vectors were
transferred into Agrobacterium strain EHA105 by electro-
transformation. Four-week-old calli derived from mature
seeds were co-cultured with the transformed Agrobacterium
for 3 d. The infected calli were successively cultured in
DKN selection, DKN regeneration, and MS regeneration
media with hygromycin (Wakasa et al., 2007). The regen-
erated plantlets were grown in a closed greenhouse (Goto
et al., 1999).
Total protein extraction and immuno-blot analyses
Mature seeds from independent primary transgenic rice
lines were individually ground into ﬁne powder with
a multi-bead shocker (YASUI KIKAI, Tokyo, Japan). For
total protein extraction, 500 ll of total protein extraction
buffer [50 mM TRIS-HCl pH 6.8, 8 M urea, 4% SDS, 20%
glycerol, 5% 2-mercaptoethanol (2-MER), 0.01% bromo-
phenol blue] were added to seed powder and vortexed for
1 h at room temperature. The mixture was centrifuged at
13 000 g for 20 min at room temperature. Proteins were
Fig. 1. Binary vector constructs. Ag 7, Agrobacterium gene 7
terminator; HPT, hygromycin phosphotransferase coding region;
35S pro, CaMV 35S promoter; 2.3 K GluB1 pro, 2.3 kb rice
glutelin B1 promoter; GluA2, wild-type rice glutelin A2 coding
region; GluB ter, 0.65 kb glutelin B1 terminator; mGluA2, mutated-
glutelin A2 coding region.
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and GluA2), anti-GluB (GluB1, GluB2, and GluB4), anti-
BiP, anti-PDI, and anti-calnexin antibodies.
For quantitative dot blot immuno-blotting analysis, four
positive seed extracts per independent transgenic line
selected by immuno-blot using anti-GluA antibody were
pooled and used for quantiﬁcation. For the relative
comparison of transgene product accumulation, equal
amounts of the protein extracts were spotted onto a nitro-
cellulose membrane (Whatman, Dassel, Germany). The
transgene products in each dot were detected immunologically
with anti-GluA antibody and quantiﬁed with NIH Image
J (National Institutes of Health ver. 1.41; Washington,
DC, USA).
Sequential protein extraction
Sequential extraction of proteins was performed according
to Takaiwa et al. (2008). Brieﬂy, globulins were extracted
with 500 ll of globulin extraction buffer (0.5 M NaCl, 10
mM TRIS-HCl, pH 6.8) from 25 mg seed powder. After the
removal of globulins, the glutelins were extracted from
residual proteins with 500 ll of glutelin extraction buffer
(1% lactic acid, 1 mM EDTA). Each extraction step was
repeated ﬁve times and accomplished by sonication for 2
min and centrifugation at 13 000 g for 10 min. After the
stepwise removal of the globulin and glutelin fractions,
prolamins were ﬁnally extracted from residual proteins with
500 ll of total protein extraction buffer.
To examine the possible involvement of disulphide bonds
for extraction efﬁciency, the globulin fraction was extracted
from 25 mg seed powder with 500 ll of globulin extraction
buffer with or without 5% 2-MER. After the acetone
precipitation, the globulin pellet was dissolved with 100 ll
of total protein extraction buffer. The residual proteins were
extracted with 500 ll of total protein extraction buffer. Two
microlitres of each sample were used for SDS–PAGE and
immuno-blotting analysis.
Immunogold electron microscopy
The immature seeds (15–20 DAF) were ﬁxed in 4% para-
formaldehyde, 0.1% gultaraldehyde buffered at pH 7.2, with
20 mM PIPES over night at 4  C. After washing in PIPES
buffer, the samples were dehydrated in a series of ethanol
concentrations and embedded in LR White resin (London
Resin, Berkshire, UK). Ultrathin sections were cut with
a glass knife using an ultramicrotome (MT2-B; Sorvall,
Newtown, CT, USA) and mounted on copper grids. The
grids were ﬂoated on a drop of PBS containing 3% BSA for
1 h and were incubated for 1 h with anti-GluA diluted
1:3000 with PBS containing 1% BSA. Nonspeciﬁcally
bound antibodies were removed by washing the grids with
washing buffer (PBS containing 0.1% BSA, 0.5 M NaCl,
and 0.05% Tween 20) three times for 15 min each. The
samples were reacted with 15 nm gold-labelled goat anti-
rabbit IgG antibody (Aurion, Wageningen, Netherlands)
diluted 1:200 in PBS containing 1% BSA for 1 h. Then the
grids were washed three times with washing buffer. The
sections were ﬁxed with 1% glutaraldehyde in PBS followed
by washing with distilled water twice, then stained with
uranyl acetate for 2 h and lead citrate for 7 min. The
samples were examined with a transmission electron micro-
scope (H-7100; Hitachi, Tokyo, Japan) running at 75 kV.
Sucrose density gradient (SDG) centrifugation of the
globulin fraction
Centrifugation on SDG was carried out using a modiﬁed
method as described by Takaiwa et al. (2008). A globulin
fraction was extracted from three mature seeds with 800 ll
of exclusive globulin extraction buffer for SDG (35 mM
phosphate buffer, pH 7.6, 0.5 M NaCl, proteinase in-
hibitor). Aliquots of 200 ll were layered onto 10 ml linear
10–30% SDGs on 1 ml of a 65% sucrose cushion containing
globulin extraction buffer. After centrifugation at 120 000 g
for 12 h at 4  C (Hitachi RPS40T rotor and Himac CP100a
ultracentrifuge; Hitachi Koki, Tokyo, Japan), fractions
were collected at 0.5 ml/tube from the bottom and pre-
cipitated with the same volume of acetone. Precipitate was
dissolved in total protein extraction buffer, and was used
for SDS-PAGE and immuno-blotting analyses. Globulin
fractions extracted from mature soybean seeds were sub-
jected to SDG as an elution marker for trimers and
hexamers.
Gel ﬁltration
The glutelin fraction was directly loaded onto a Sephacryl
S-300 HR (GE Healthcare, Uppsala, Sweden) column and
immediately underwent fraction collection with four drops
per tube (;160 ll per tube). To each fraction was added the
same volume of 23 sample buffer (100 mM TRIS-HCl pH
6.8, 4% SDS, 20% glycerol, 0.01% bromophenol blue) with
10% 2-MER, and was neutralized by 1 M NaOH.
Results and discussion
Production of a transgenic rice plant expressing
exogenous GluA2 or mGluA2
Native GluA2 or processing site mutated-GluA2 (mGluA2)
under the control of the glutelin GluB1 promoter (Fig. 1)
have been introduced into a low-glutelin mutant rice a123
line. Since the mutant a123 line lacks three glutelins
(GluA1, GluA2, and GluB4), exogenous GluA2 and
mGluA2 products can be easily detected by using an anti-
GluA antibody which recognizes the GluA1 and GluA2
acidic subunits. As shown in Fig. 2B, when anti-GluA
antibody was used for immuno-blotting analysis, no signal
was detected in non-transgenic a123. By contrast, immuno-
reactive GluA2 or mGluA2 signals were clearly detected in
transgenic a123 seeds. In the highly expressed transgenic
rice lines, their products were easily observed as distinct
bands in CBB-stained SDS-PAGE gels (Fig. 2A).
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mature acidic and basic polypeptides is required for
trafﬁcking to PB-II or stable accumulation by assembly or
aggregation in PB-II, transgenic rice lines that accumulated
similar concentrations of exogenous GluA2 or mGluA2
products were selected and then were advanced by self-
crossing to obtain homozygous lines. When total proteins
were extracted from mature seeds of transgenic rice
containing the GluA2 or mGluA2 product and then
subjected to immuno-blotting after electrophoresis on SDS-
PAGE, the transgene products were detected as a distinct
band by CBB staining (Fig. 2A, B). The exogenous GluA2
product was normally processed into acidic and basic
subunits in the transgenic rice. The acidic subunit of the
GluA2 transgenic rice migrated at the same position as
that of the endogenous GluA2 gene product from non-
transgenic Koshihikari. Notably, immuno-reactive signals
with MWs of 55 kDa and 35 kDa in the wild-type
Koshihikari were more intense than in the transgenic with
the GluA2 line. This is accounted for by the lack of
expression of endogenous immuno-reactive GluA1 and
GluA2 in the a123 line used as the host for transformation.
In contrast, the transgene product in the mGluA2 trans-
genic rice seed was only detected as a band of 55 kDa,
which corresponded to the size of the uncleaved glutelin
precursor. Since the mGluA2 accumulated as proglutelin,
Ala-Ala at the mutated processing site was not recognized
and cleaved by VPE. Furthermore, it was reported that the
VPE had an absolute speciﬁcity for Asn on the N-terminal
side of 11S globulins but exhibited little speciﬁcity for
amino acids on the C-terminal side (Jung et al., 1998). In
addition, evidence supporting the requirement of an Asn
residue at the well-conserved Asn-Gly peptide bond was
shown in legumin (Asn-Phe) (March et al., 1988), ginkgo
11S globulin (Asn-Asn) (Arahira and Fukazawa, 1994), and
rice glutelin GluC (Asn-Val) (Mitsukawa et al., 1998). Thus,
an Asn position may be required for cleavage of proglutelin
even in the rice plant in a similar manner observed in other
11S globulins. However, in order to evaluate whether the
Asn residue is a crucial one determining the cleavage by
VPE, further study using transgenic rice plants containing
mGluA2, in which the Asn residue only is mutated to Ala,
will be required.
The accumulation levels of transgene products were
investigated for the mature seeds of a total of 40 in-
dependent transgenic rice lines selected for the expression
of either GluA2 (22 lines) or mGluA2 (18 lines). In this
experiment, the immuno-reactivity of anti-GluA antibody
with either GluA or mGluA product was very important for
estimation of the accumulation levels. As shown in Fig. 2A,
B, this antibody exhibited similar immuno-reactivity to the
acidic subunit of GluA-2 and precursor of mGluA2 in
immuno-blots after SDS-PAGE. A large variation in
accumulation levels of GluA2 and mGluA2 products was
observed among the individual transgenic lines for each
construct. Unexpectedly, the average value of the mGluA2
product from the mature seeds of 18 transgenic rice lines
was about double that of the GluA2 product from 22
transformants (Fig. 3). This result indicates that the un-
processed mGluA2 product may accumulate more stably
and efﬁciently than the GluA2 mature polypeptides in
transgenic rice seeds. However, further work will be
Fig. 3. Relative accumulation levels of transgene products.
Comparison of the transgene product levels between GluA2 and
mGluA2 are shown. The transgene product in each dot was
detected immunologically with anti-GluA antibody (upper panel)
and quantiﬁed with NIH Image J (National Institutes of Health ver.
1.41, Washington, DC, USA). The signal strength of each dot was
plotted in the lower panel. The mean accumulation level of GluA2
was assumed as an arbitrary standard (1.0). Horizontal bars
indicate the average of relative accumulation levels in each
construct.
Fig. 2. SDS-PAGE, immuno-blot analyses, and seed phenotype in
transgenic rice seed with each construct. Total protein of non-
transgenic Koshihikari, non-transgenic a123, transgenic a123
expressing GluA2 (TR GluA2-1 and TR GluA2-2), and transgenic
a123 expressing mGluA2 (TR mGluA2-1 and TR mGluA2-2) were
subjected to SDS-PAGE gel. (A) Coomassie brilliant blue (CBB)
staining; (B) immunodetection with anti-GluA, anti-BiP, anti-PDI,
and anti-calnexin.
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other glutelins.
When the unprocessed mGluA2 precursor was found to
be more highly accumulated in transgenic rice seed, the
expression levels of three chaperone proteins (BiP, PDI, and
calnexin) were investigated in the mature seeds of these
transgenic rice plants (Fig. 2B). There was no signiﬁcant
difference in the BiP and calnexin levels between them. It is
notable that the PDI level was slightly increased in lines
that accumulated the mGluA2 precursor, suggesting that
this accumulation may be recognized as a stress factor by
the PDI chaperone molecule. This may be related to the
evidence that protein folding in the ER is accompanied by
the formation of disulphide bonds, which is catalysed by
PDI.
Intracellular localization of exogenous GluA2
and mGluA2
The subcellular localization of exogenous GluA2 and
mGluA2 in the endosperm cell was examined by
immuno-cytochemical electron microscopy using
antibody against both of the GluA2 and mGluA2
products (Fig. 4). A large number of immunogold
particles were observed in PB-II, but not the other
organelles, for both constructs. In contrast, no signal was
detected in non-transgenic a123. Furthermore, there is
little difference in subcellular structures of the endosperm
cell between non-transgenic and transgenic rice expressing
the GluA2 and mGluA2 products. Thus, the mGluA2
unprocessed precursor was normally trafﬁcked into PB-II
like the normal GluA2 product, indicating that processing
from the precursor into mature subunits is not required
for trafﬁcking to PB-II.
Different solubility of GluA2 and mGluA2
A sequential extraction experiment was carried out in order
to examine the interaction of exogenous GluA2 or mGluA2
products with endogenous glutelins in endosperm cells of
a123 mutant line. Rice seed proteins were sequentially
extracted with saline solution (globulin fraction), acidic
solution (glutelin fraction), and urea and 2-MER solution,
in that order.
As shown in Fig. 5, most of the GluA2 or mGluA2
products expressed in seeds of the a123 line could be
extracted in the glutelin and residual prolamin fractions. It
is interesting to note that a small portion of the mGluA2
product could be extracted in the globulin fraction, which
was accompanied by a higher level of endogenous GluB
product in the globulin fraction compared with that in the
control a123 line. Since the GluB could not be detected in
a globulin fraction from Koshihikari (Fig. 5B), recovery in
the soluble fraction of the GluB product may be related to
high expression of the mGluA2 precursor in mGluA2
transformant or low levels of mature GluA product in
a123. By contrast, when GluA products are mainly accu-
mulated as mature subunits in GluA transformant or
Koshihikari, the GluB acidic subunits could not be
extracted in the globulin fraction. These results suggest that
the GluB subunits interact with the GluA precursor in
a different manner from disulphide bonds and recovered as
hetero-complexes in the saline solution.
As shown in Fig. 6, the GluA2 or mGluA2 product was
examined by extraction with the saline solution in the
presence or absence of 2-MER. Addition of 2-MER
apparently enhanced the extraction efﬁciency of the GluA2
and mGluA2 products in the globulin fraction, resulting in
a yield of 12.2% and 22.8% of total seed protein, re-
spectively (Table 1). This is in contrast with the extraction
Fig. 4. Immnolocalization of exogenous GluA2 and mGluA2 in rice endosperm cells. The 15 nm gold particles reveal that GluA2 or
mGluA2 is localized in PB-II only in transgenic rice seed. Lower panels are enlargements of the areas outlined in white in the upper
panels. PB-I, Protein body I; PB-II, protein body II. Scale bar¼1 lm.
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evidence indicates that disulphide bonds are involved in the
interaction between GluA and other glutelins. Notably, the
GluA2 precursor could be easily extracted with saline
solution, irrespective of 2-MER, whereas a reducing agent
was required for the extraction of mature GluB subunits
(Fig. 6A). These results indicate that interactions among
GluA and GluB products are mainly mediated by disul-
phide bonds.
Glutelin precursor assembles as a trimer
In order to investigate the potential assembling capacity of
saline-soluble glutelins, globulin fractions extracted from
transgenic mature seeds were subjected to centrifugation on
an SDG. Saline-soluble glutelins from mGluA2- and
GluA2-transgenic rice seeds sedimented at a peak of 7S,
indicating that some of them were assembled in the form of
a trimer (Fig. 7). It has been reported that precursor of
leguminous 11S globulin homologous to rice glutelin is
assembled as a trimer in ER in the course of its synthesis
and then deposited into the protein storage vacuole (Jung
et al., 1998). Thus, a higher amount of mGluA2 precursor is
predicted to be assembled into trimers in the processing-
defective mGluA2 transgenic rice, when compared with the
normal GluA2 transgenic rice. Expectedly, higher immuno-
reactive GluA precursor was detected in the 7S region for
the mGluA2 transformant (Fig. 7).
Since the mGluA2 product mutated at the post-trans-
lational processing site could not be cleaved by VPE and
deposited as a precursor in PB-II (Fig. 3), it is suggested
that assembly into a hexamer or another further compli-
cated complex formation is perturbed in PB-II, so that the
trimer remains as the assembly state in mature seeds.
Furthermore, it is of interest to determine whether mGluA2
precursor can assemble with other glutelins. As shown in
Fig. 7, it is notable that saline-soluble glutelin GluB ex-
tracted from the mGluA2 transgenic rice seeds could be
detected as a trimer by sedimentation analysis on SDG,
whereas GluB glutelin could not be detected as a trimer in
the GluA2 transformant. This result indicates that a higher-
order complex structure is formed by the interaction
Fig. 5. Sequential extraction of seed proteins from Koshihikari, a123, and transgenic rice with GluA2 and mGluA2. (A) Each extracted
protein fraction was subjected to SDS-PAGE and immuno-blot analysis using anti-GluA and anti-GluB antibody. (B) In the globulin
fraction, overexposed X-ray ﬁlm is also shown.
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That is, the processing from precursor to acidic and basic
polypeptides by VPE is required for the formation of the
high-order structure in PB-II. It was also suggested that
GluA precursor hetero-assembled with GluB precursor as
a trimer in the ER lumen and then is transported into PB-II
in the process of biogenesis. Furthermore, it should be
noted the GluB glutelin that hetero-assembled with the
mGluA2 precursor as a trimer was detected as mature
subunits rather than the precursor. This evidence suggests
that processing by VPE may be performed in the state of
the trimeric structure. Taken together, after glutelins
constituting the trimeric structure in their assembly process
are completely processed to the mature form consisting of
acidic and basic polypeptides, the higher-order complex
structure is generated and stacked in PB-II.
Jung et al. (1997) reported that post-translational pro-
cessing into mature subunits is required for hexamer
assembly in legumin B, one of the 11S globulins in the ﬁeld
bean. A noncleavable legumin B mutant accumulated as
a trimer in transgenic tobacco seeds, whereas wild-type
legumin B accumulated as a hexamer. Gruis et al. (2004)
have reported that the precursor of the legumin-like
globulin drastically increased in the knock-out line of VPE
genes in Arabidopsis seeds. When protein extracts from
wild-type and mutant seed were separated by SDG,
legumin-like proteins from wild-type seeds were found as
two peaks consisting of 2S and 12S (hexamer). By contrast,
the same proteins from mutant seeds were found as three
peaks of 2S, 5.5S, and 9S (trimer), but 12S (hexamer) was
not detected. In rice glutelin, although there have been no
experimental data indicating whether glutelin exists in the
trimer or hexamer form in seeds, the present results do
provide clear evidence that a rice glutelin is generated
through a trimer in the assembly process. The trimer form
of glutelin is required for transport into PB-II, in a manner
similar to the leguminous 11S globulins. Homo- and
Fig. 6. SDS-PAGE and immuno-blot analysis of transgene products extracted by total protein extraction buffer after pre-extraction by
globulin extraction buffer with or without 5% 2-mecaptoethanol. The globulin extraction buffer-extracted fraction (supernatant) was 5-fold
concentrated by acetone precipitation compared with the pellet fraction. (A) Each extracted protein fraction was subjected to SDS-PAGE
and immuno-blot analysis using anti-GluA and anti-GluB antibodies. (B) In the globulin fraction, in order to detect the matured GluB
signal, overexposed X-ray ﬁlm is also shown.
Table 1. Approximate percentages of soluble GluA2 or mGluA2
by extraction using salt buffer in transgenic rice seed
Signal strengths of the immno-blot in the second and third panels in
Fig. 6A were quantiﬁed with NIH ImageJ (National Institutes of




Role of processing in glutelin deposition | 3509heterotrimer composed of GluA and/or GluB could be
extracted in saline solution, whereas 2-MER is required for
extraction of higher complexes, indicating that trimer
formation as hetero-complexes may be mediated by speciﬁc
molecular interactions such as hydrophobic interactions.
Unprocessed mGluA2 forms unique complexes with
other glutelins in PB-II
In order to investigate the assembly state of the newly
synthesized mGluA2 and GluA2 products in the major
saline-insoluble glutelin fraction, the glutelin fraction was
extracted from transgenic a123 mature seeds containing
mGluA2 or GluA2 products with lactic buffer, and was
subsequently subjected to gel ﬁltration analysis (Fig. 8).
Processed GluA2s were assembled in a high-order polymer-
ized structure with a peak in fractions 51–54. GluBs were
also assembled in a high-order structure, but GluB had
a slightly lower order complex than GluA2. By contrast,
unprocessed mGluA2 precursor was distributed widely in
many fractions and the peak of interacting GluB shifted to
higher molecular weights (a change from fraction 54 to
fraction 47), indicating that polymerization of the glutelin
mGluA2 precursor is quite different with that of the mature
GluA2 molecule. The unprocessed mGluA2 precursor may
form higher molecular complexes than the mature GluA2
molecule. Alternatively, since the mGluA2 precursor may
not fold well, the complex containing mGluA2 may have
a more loosely compacted structure than GluA2. Further-
more, the peak of interacting GluB shifted to higher
molecular weights, clearly suggesting that parts of GluA
and GluB were assembled into a hetero-complex.
The polymerization of glutelins is reported to be different
between the GluA and GluB subfamilies (Katsube-Tanaka
et al., 2004). The number of free cysteine (Cys) residues,
besides the four highly conserved Cys residues involved in
intra-molecule disulphide bonds, is different between them,
which is responsible for the difference in the polymerized
higher-order structure formed through inter-molecule disul-
phide bonding with other glutelins. GluAs usually have
four free-Cys residues in a molecule, whereas GluBs have
only one free-Cys residue (Katsube-Tanaka et al., 2004).
Unprocessed glutelin precursor (mGluA2) is not involved
in the inter-molecule interaction like mature glutelin
(GluA2), because free Cys residues may not be exposed
to its molecular surface and instead are buried in the
molecule. This may explain the difference in polymerization
Fig. 7. Assembly of saline-soluble GluA2 and mGluA2. Globulin fractions derived from transgenic rice seeds were subjected to SDG
centrifugation. Each fraction was analysed by SDS-PAGE and immuno-blot using anti-GluA and anti-GluB antibodies. The left panels
show the transgenic rice with GluA2 (TR GluA2), the right panels mGluA2 (TR mGluA2).
Fig. 8. Gel ﬁltration analysis in saline-insoluble glutelin in a123 and
transgenic rice with GluA2 or mGluA2. The numbers are the
numbers of fractions collected. Each fraction was analysed by
immuno-blot analysis using anti-GluA and anti-GluB antibody. The
bars under the panels show the blue dextran (2000 kDa)-through
fraction.
3510 | Wakasa et al.between them. Further work will be required to determine
the relationship between free Cys residues and glutelin
polymerization.
Taken together, in rice glutelin, cleavage of the precursor
into mature subunits by VPE is necessary for the formation
of the compacted high-order structure observed in the
processed mature glutelins, because unprocessed mGluA2
precursor resulted in widely distributed unstable polymer-
ized aggregates relative to the endogenously processed
GluA2. On the other hand, the processing of glutelin
precursor into acidic and basic polypeptides is not re-
sponsible for the trafﬁcking of glutelins from the ER to
PB-II, or for stable accumulation.
In this study, transgenic a123 expressing glutelin with
a mutation at the processing site proved to be useful for
studying the glutelin sorting and assembly system in rice
seeds. The results obtained using transgenic rice plants
clearly address the functional role of post-translational
processing from the glutelin precursor to the mature acidic
and basic polypeptides during rice seed development.
Acknowledgements
We thank Dr S Utsumi (Kyoto University) for gift of anti-
GluA antibody and Ms Y Suzuki for technical assistance.
We would like to dedicate this work to the memory of
Dr S Utsumi who did a pioneering work of plant bio-
technology ﬁeld in our team. This work was supported by
a ‘Development and Demonstration of Crop Genomic
Breeding Technology’ and ‘Genomics and Agricultural
Innovation, GMC0008’ project grants from the Ministry
of Agriculture, Forestry and Fisheries of Japan to F Takaiwa
and ‘Grant-in-Aid for JSPS fellows’ to Y Wakasa.
References
Arahira M, Fukazawa C. 1994. Ginkgo 11S seed storage protein
family mRNA: unusual Asn-Asn linkage as post-translational cleavage
site. Plant Molecular Biology 25, 597–605.
Goto F, Yoshihara T, Shigemoto N, Toki S, Takaiwa F. 1999.
Iron fortiﬁcation of rice seed by the soybean ferritin gene. Nature
Biotechnology 17, 282–286.
Gruis D, Schulze J, Jung R. 2004. Storage protein accumulation in
the absence of the vacuolar processing enzyme family of cysteine
proteases. The Plant Cell 16, 270–290.
Hara-Nishimura I, Shimada T, Hirasawa N, Nishimura M. 1995.
Vacuolar processing enzyme responsible for maturation of seed
proteins. Journal of Plant Physiology 145, 632–640.
Iida S, Kusaba M, Nishio T. 1997. Mutants lacking glutelin subunits
in rice: mapping and combination of mutated glutelin. Theoretical
Applied Genetics 94, 177–183.
Jung R, Nam WY, Saalbach I, Muntz K, Nielsen C. 1997. Role of
the redox state and disulﬁde bonds in processing and assembly of
11S seed globulins. The Plant Cell 9, 2037–2050.
Jung R, Scott MP, Nam Y-W, Beaman TW, Bassuner R,
Saalback I, Muntz K, Nielsen NC. 1998. The role of proteolysis in
the processing and assembly of 11S seed globulins. The Plant Cell 10,
343–357.
Katsube-Tanaka T, Duldulao JBA, Kimura Y, Iida S,
Yamaguchi T, Nakano J, Utsumi S. 2004. The two subfamilies of
rice glutelin differ in both primary and higher-order structures.
Biochimica et Biophysica Acta 1699, 95–102.
Kawakatsu T, Yamamoto MP, Hirose S, Yano M, Takaiwa F.
2008. Characterization of a new rice glutelin gene GluD-1 expressed in
the starchy endosrperm. Journal of Experimental Botany 59,
4233–4255.
Krishnan HB, Okita TW. 1986. Structural relationship among the rice
glutelin polypeptides. Plant Physiology 81, 748–753.
March JF, Pappin DJC, Casey R. 1988. Isolation and characteriza-
tion of a minor legumin and its constituent polypeptides from Pisum
sativum (pea). Biochemical Journal 250, 911–915.
Mitsukawa N, Hayashi H, Yamamoto K, Kidzu K, Konishi R,
Masumura T, Tanaka K. 1998. Molecular cloning of a novel glutelin
cDNA from rice seeds. Plant Biotechnology 15, 205–211.
Shotwell MA, Boyer SK, Chesnut RS, Larkins BA. 1990. Analysis
of seed storage protein in oats. The Journal of Biological Chemistry
265, 9652–9658.
Takaiwa F, Kikuchi S, Oono K. 1987. A rice glutelin gene family:
a major type of glutelin mRNA can be divided into two classes.
Molecular Genetics and Genomics 208, 15–22.
Takaiwa F, Ogawa M, Okita TW. 1999. Rice glutelins. In: Shewry
PR, Casey R, eds. Seed proteins. Dordrecht, The Netherlands: Kluwer
Academic Publishers, 401–425.
Takaiwa F, Oono K, Wing D, Kato A. 1991. Sequence of three
members and expression of new major subfamily of glutelin gene of
rice. Plant Molecular Biology 17, 875–885.
Takaiwa F, Sakuta C, Choi S-K, Tada F, Motoyama T, Utsumi S.
2008. Co-expression of soybean glycinins A1aB1b and A3B4 enhan-
ces their accumulation levels in transgenic rice seed. Plant and Cell
Physiology 49, 1589–1599.
Wakasa Y, Ozawa K, Takaiwa F. 2007. Agrobacterium-mediated
transformation of a low glutelin mutant of Koshihikari rice variety using
the mutated-acetolactate synthase gene derived from rice genome as
a selectable marker. Plant Cell Reports 26, 1567–1573.
Wakasa Y, Yasuda H, Takaiwa F. 2006. High accumulation of
bioactive peptide in transgenic rice seeds by expression of introduced
multiple genes. Plant Biotechnology Journal 4, 499–510.
Yamagata H, Tanaka K, Kasai Z. 1982. Evidence for a precursor
form of rice glutelin subunits. Agricultural and Biological Chemistry 46,
321–322.
Role of processing in glutelin deposition | 3511